ABSTRACT
INTRODUCTION
Titanium and its alloys are widely used as biomaterials in many applications, such as dental implants, due to their excellent mechanical properties, biocompatibility and corrosion resistance in vivo (Aparicio et al. 2011; Williams 2001) . Both biocompatibility and corrosion resistance are related to the strong affinity between titanium and oxygen, which results in the spontaneous formation of a surface oxide film when metal titanium is exposed to air (Bloyce A. et al. 1998; Oshida 2013) .
Even though titanium has excellent properties for biomedical devices, titanium dental implants may fail due to biological factors, being peri-implantitis one of the most common (Pye et al. 2009 ). Periimplantitis has been associated to dental plaque formation (Klinge et al. 2009; Fürst et al. 2007; Belibasakis 2013; Grössner-Schreiber et al. 2001 ). This oral biofilm starts with bacteria colonizing the implant surface. Early colonizers (such as Streptococcus sanguinis) play a key role on that process (Kolenbrander et al. 1990; Kilenbrander & London 1993; Hori & Matsumoto 2010) , because they attach directly to the surface and guide the adhesion of later colonizers, such as Porphyromonas gingivalis, Silver and silver-base compounds are well-known antimicrobial agents, having a broad-spectrum activity against Gram-positive and Gram-negative bacteria, fungi, protozoa and certain viruses (Fox et al. 1969 ).
The antimicrobial effect of the silver ion is well defined. Metallic silver, on the contrary, is relatively inert and poorly absorbed by bacteria. When in contact with wound fluids or other secretions, it ionizes and it is able to bind proteins and bacteria membranes (Atiyeh et al. 2007 ). The inhibitory action of silver is attributed to its interaction with structural proteins and it preferentially binds with DNA bases inhibiting bacteria replication (Yuan et al. 2013; Tamboli & Lee 2013; Radzig et al. 2013 ).
Different techniques have been explored to add silver onto biomaterial surfaces, such as ion implantation (Márquez et al. 2013; Wan et al. 2007; Li et al. 2007) , physical vapor deposition (PVD) (Brook et al. 2007; Grodzicki et al. 2005) or production of a silver-containing hydroxyapatite coating attached to a titanium substrate by magnetron sputtering (Doo-Hoon Song 2011). These techniques, however, present some issues because their effectiveness are based on silver ion release, which markedly decreases from an initial upper value once in contact with physiological medium (Devasconcellos et al. 2012; Jamuna-Thevi et al. 2011) . Besides, these processes are difficult to adapt to the manufacturing of medical devices with complex shapes, such as dental implants.
Anodization is a well-known electrochemical surface treatment technique that increases the width of the titanium oxide passive film. This oxide film acts as a barrier against the release of metallic ions, reducing surface reactivity and increasing corrosion resistance in the physiological medium (Gemelli & Camargo 2011) . Already employed for color coding titanium dental implants and other prosthetic components (H.M. Kim et al. 1997; Sul et al. 2001) , this process can be also used to modify the chemical composition of the surface adding new species. Deposition of silver onto titanium surfaces by anodization would be easily transferrable to industrial production of medical devices, as it is an easy and commonly employed technological procedure. Its use as a process for depositing silver on titanium has, however, some difficulties because of the positive charge of silver ion.
This work reports the development of a novel electrochemical anodizing process for adding silver on titanium surfaces, based on the use of a pulsed anodizing procedure to transfer a negatively charged silver coordinated complex onto the surface. The characteristics of the silver deposition were analyzed, as well as in vitro fibroblast viability, and the antibacterial properties were evaluated against Streptococcus sanguinis and Lactobacillus salivarius.
MATERIAL AND METHODS

Sample preparation and anodizing treatment
Commercially pure titanium grade II discs (10 mm diameter, 2 mm thickness) were cut from a stock rod, grinded with silicon carbide papers of decreasing grain size, and polished with a suspension of alumina particles (1.0 µm and 0.05 µm). Samples were sonicated in ethanol, distilled water and acetone for 15 minutes each, and dried with argon gas.
The samples were pre-treated in acid solution [250 mL HNO 3 60% (Panreac, Castellar del Vallès, Spain), 17.5 g NH 4 HF 2 (Sigma-Aldrich, St.Louis, MO, USA) and 250 mL ultrapure distilled water (Millipore Milli-Q, Merck Millipore Corporation, Billerica, MA, USA)] for 10 seconds to remove surface contamination and the native surface titanium oxide layer (Vermesse et al. 2013 ).
The deposition of silver was done with an electrochemical anodizing process in aqueous solution with silver nitrate (AgNO 3 ) (Panreac) and a coordinating compound [sodium thiosulphate (Na 2 S 2 O 3 )] (Panreac) at room temperature and with magnetic stirring. The complexation of silver follows the reaction (1):
Titanium samples were used as a working electrode and a platinum sheet as counter electrode. The two main redox reactions expected at the anode are:
The anodizing process was controlled with a Potentiostat (PARSTAT 2273, Princeton Applied Research, Oak Ridge, TN, USA). A pulsed potential with a rectangular pulse shape (E I = 0 V, E F = 5 V, ST = 500 ms, SH = 10 mV, PW = 100 ms) was applied to the working electrode, with a full cycle period of 25 seconds (Fig. 1) . After treatment, all samples were sonicated in ethanol, distilled water and acetone for 15 minutes each.
[ Fig. 1 
Roughness analysis
Surface roughness was measured with the optical profiling system WYKO NT1100 and WYKO Vision 232TM software (Veeco Instruments, Plainview, NY, USA) in vertical scanning interferometry (VSI) mode. The area analyzed was 736x480 µm for all samples. Three measurements were performed in three samples for each condition, computing three roughness parameters: arithmetic average height (R a ); skewness (R sk , a measure of the symmetry of the profile about the mean line), and kurtosis (R ku , a measure of the 'peakedness' of the profile) (Gademawla et al. 2002; Truong et al. 2010 ).
Contact angle analysis
Wettability of the samples was determined by static contact angle (CA) measurements of ultrapure distilled water with the sessile drop method (Contact Angle System OCA15 plus; Dataphysics, Filderstadt, Germany). The initial distilled water volume for each drop was 3 µL and all measurements were performed at 25ºC. Data was analyzed with SCA 20 software (Dataphysics) and three measurements were carried out for three different samples in each series.
Surface chemical characterization
Titanium surfaces were analyzed by X-ray photoelectron spectroscopy (XPS) with an Mg anode XR50 source operating at 150 W and a Phoibos 150 MCD-9 detector (D8 advance, SPECS Surface Nano Analysis GmbH, Berlin, Germany). Spectra were recorded with pass energy of 25 eV at 0.1 eV steps at a pressure below 7.5·10 -9 mbar. Binding energies were referred to the C 1s signal at 284.8 eV.
Three samples were studied for each working condition. The ratios silver/titanium and sulfur/titanium were calculated from the measured elemental surface composition. 
Biological
Bacterial adhesion assay
Samples were immersed in 1 mL of bacterial suspension (1·10 8 CFU/mL) for 2 hours at 37ºC. After this time, the medium was suctioned and samples washed twice with PBS (Gibco, Paisley, UK). Adherent bacteria were detached by vortexing the discs for 5 minutes in 1 mL of PBS. Detached bacteria were then seeded using serial dilutions on TH agar plates (Scharlau agar, Scharlab SL) for S. sanguinis and MRS agar plates (Scharlau agar, Scharlab SL) for L. salivarius. The plates were then incubated at 37ºC for 24 h and the resulting colonies counted. Alternatively, for slow growing colonies the plates were incubated for an extra 24 h period, and the number of bacterial colonies counted again. Three samples for each condition were studied and two different dilution of each sample were seeded in two different agar plates.
Bacterial growth curve assay
Samples were immersed in 1 mL of diluted bacterial suspension (1·10 2 CFU/mL) for 24 hours. Bacterial growth was monitored every hour during the first 8 hours, and at 24 hours. To determine the number of bacteria at the specified time points, 25 µL-aliquots were extracted from the bacterial suspensions and mixed with 75 µL of medium. The absorbance of these mixtures was measured at 600 nm using a multimode microplate reader (Infinite 200 PRO, Tecan, Männedorf, Switzerland) and three measurements were performed for each condition.
Statistical analysis
Non-parametric U Mann-Whitney statistical tests were used to analyze differences in contact angle, cell viability and proliferation and bacterial adhesion between treated and control surfaces. Non-parametric Kruskal-Wallis statistical tests were used to analyze differences in the ratios of surface chemical composition. Post-hoc Pearson correlation was calculated to check the dependence between bacteria adhesion and silver presence. Significance level was set at a P value<0.05.
RESULTS
Physico-chemical characterization
Morphological analysis
As shown in Fig. 2a , control titanium samples (Ti) displayed a smooth surface with some minor polishing scratches due to sample preparation. SEM images showed a topographical effect of the anodization process on all treated samples with the shape of rounded etching (Fig. 2 (b-g) ). Silver-anodized titanium samples, besides, had on their surface deposits with globular morphology (arrows in Fig. 2 (d-g) ).
Examination of the treated surfaces showed that these deposits were homogeneously dispersed on the whole titanium surface and remained attached to the surfaces, even after sonication of the samples (ethanol, distilled water and acetone for 15 minutes each).
[ Fig. 2] 
Roughness analysis
Values of the roughness parameters R a , R ku and R sk are shown in table 1. Mean surface roughness changed after anodizing when compared to control (Ti). The R a measures for C1_200 and NC1_500 were the highest and the increment was almost three times compared to control titanium mean roughness. For the scanned areas, R ku showed the highest measurements in samples treated at 500 cycles (C1_500 and C2_500), followed for surfaces treated with 200 cycles (C1_200 and C2_200); whereas controls (NC1_500, NC2_200 and Ti) presented the lower values and did not show any significant differences among them. For R sk results, all samples showed values higher than zero, and there were no significant differences between treated and control samples.
[ Table 1 ]
Contact angle analysis
Variations in wettability were measured in the samples using the sessile drop method (Fig. 3 ). NC1_500
and NC2_200 presented the lowest contact angle values. Silver-anodized titanium samples (C1_500, C1_200, C2_500 and C2_200) have a slightly increased wettability compared to control treated samples.
Throughout the process of anodization, the changes observed were statistically significant between silvertreated samples (C1_500, C1_200 and C2_500) and control treated samples (NC1_500 and NC2_200)
according to U Mann-Whitney statistical analysis.
[ Fig. 3] [ Table 2 ]
Surface chemical characterization
Silver-anodized titanium samples (C1_200, C1_500, C2_200 and C2_500) characteristically had silver (1.1% for C1_200, 2.8% for C1_500, 1% for C2_200 and 0.5% for C2_500) and sulfur (0.6% for C1_200, 1.5% for C1_500, 0.5% for C2_200 and 0.5% for C2_500) on the surface, as well as reduction on the percentage of oxygen and titanium, compared to control titanium (Ti). Control treated samples (NC1_500 and NC2_200), however, did not show a measurable presence of silver or sulfur, but had an increment in carbon and a decrement in oxygen and titanium compared to Ti. Ferraria et al. 2012; McCormick et al. 2002; Gao et al. 2004 ). The binding energy of Ag 3d 5 / 2 was 367 eV, whereas for Ag 3d 3 / 2 the binding energy was 373 eV, with a difference of 6 eV between both peaks.
The Ti 2p high resolution spectra, with the electron level Ti 2p 3 / 2 at 458 eV and the Ti 2p½ at 464 eV, was deconvoluted in three peaks originating from the metallic (Ti) and oxide states (TiO 2 and TiO) (López et al. 2011; Kang et al. 2009 ). The difference between peaks was 5.66 eV. The O 1s high resolution spectra were deconvoluted in oxide peaks near 530 eV, OH -bound at 532 eV and chemisorbed water molecules peaks near 533 eV.
[ Table 3 ]
The concentration of Ag 3d was quantified after deconvolution for all samples (table 3) . Titanium samples anodized for 500 cycles showed, for each concentration, an increase in metallic silver compared to samples treated for 200 cycles.
Biological characterization
Cell viability -Lactate Dehydrogenase (LDH) assay
Cell viability behavior was similar for all samples within the studied time frame (Fig. 5) . After 4 hours of culture, silver-anodized surfaces showed a slightly minor number of viable cells than the other surfaces; after 1 day of incubation, the samples maintained similar values, with a small increment at 3 days of incubation. Differences were statistically significant among treated samples and control samples for each time (indicated with a line in the plot), but lower than 10% in all cases.
[ Fig. 5] 
Bacterial assay
Bacterial adhesion assay
Results of bacterial adhesion assays of both S. sanguinis and L. salivarius strains on titanium surfaces after 2 hours of incubation are shown in table 4. Control treated samples (NC1_500 and NC2_200) presented higher bacterial adhesion amount than other surfaces and closer to titanium control (Ti) for both strains. Titanium anodized with silver for 500 cycles (C1_500 and C2_500) presented lower bacteria count than surfaces treated with silver for 200 cycles (C1_200 and C2_200). The lowest amount of attached bacteria was measured for the sample C1_500 for both strains. Changes were statistically significant between silver-treated samples (C1_500, C1_200, C1_200 and C2_500) and titanium control samples according to U Mann-Whitney statistical analysis.
[ Table 4 ]
Bacterial growth curve assay
Bacteria growth curves showed a differentiated response of each strain to the surface treatment during bacteria growth. S. sanguinis (Fig. 6a) presented a stable value for the initial 6 hours of culture. Bacteria growth curve for L.salivarius (Fig. 6b) , however, presented a slight decrease in the first part of the curve (2 hours) for all treated samples. Afterwards, all titanium samples presented almost the same absorbance value among them but lower than bacteria medium. After 9 hours of incubation, the amount of bacteria started to decrease on all treated surfaces for both strains.
[ Fig. 6] 
DISCUSSION
In this study, silver has been deposited on titanium surface by means of an electrochemical anodizing process with complexated silver. Silver is a widely used biocide, with similar effects that antibiotics but without the resistance that bacteria develop against them (Zhao et al. 2009; J. Kim et al. 2008) . The use of silver as antimicrobial agent before development of a biofilm can be effective to prevent the bacteria adhesion on treated surfaces, as previously demonstrated by Hori et al (Hori & Matsumoto 2010) .
However, once the biofilm is formed, the effectiveness of antimicrobial agents is greatly reduced (Silvestry-Rodriguez et al. 2008; Dufour et al. 2010 ). An effective strategy on medical devices requires, therefore, that the biomaterial surface presents a null or highly reduced bacteria attachment to the surface. in the present study to deposit silver on titanium surfaces has a very low release of silver into the medium.
Moreover, the antibacterial effect of silver-anodized surfaces does not require the application of external agents, such as UV irradiation. The electrochemical process presented in this study deposits silver on titanium surface (C1_500, C1_200, C2_500 and C2_200) as shown by XPS (table 2) . Deconvolution of the high resolution spectra (Fig. 4 ) revealed peaks at energy positions corresponding to silver oxide (AgO: 367eV, Ag 2 O: 367.8eV) and metallic silver (Ag: 369eV) (Ferraria et al. 2012; McCormick et al. 2002; Gao et al. 2004; Boronin et al. 1998; Wang et al. 1998) , demonstrating its presence on treated samples. In addition, it was observed that for the same number of cycles but using a higher electrolyte suggest that silver deposition depends more on silver concentration in the electrolyte than on the number of cycles applied, in agreement to published results on electrochemical processing of silver nanoparticles by Liu et al (Liu et al. 2013 ) and Yin et al (Yin et al. 2014 ).
Possible cytotoxic effects of treated surfaces were studied with LDH cell viability assays. These tests revealed a slight reduction in the number of viable cells, quantified at 7 days about 10% lower than TCPS control sample. When silver is incorporated and fixed into a substrate, the toxicity of the deposition might be due to direct contact with the seeded cells. Data on potential in vivo toxic effects on silver are limited.
According to a study of Necula et al (Necula et al. 2012 ), there is a cytotoxic level of Ag irregularities was not large enough to offer increased bacterial retention. In this study, results showed that pre-treated samples presented a roughness value lower than 100 nm, and it could be considered lower than the cut-off value and suggested that it will not influence in bacterial adhesion. Moreover, skewness parameter measurements were close to zero, with a equal distribution between peaks and valleys (Gadelmawla et al. 2002; Fuss 2011) and kurtosis showed values greater than 3, being a distribution curve with few high peaks and low valleys (Gadelmawla et al. 2002) .
In addition to roughness parameters, wettability was also analyzed. It has been described that decreased contact angle enhanced the interaction between implant surfaces and the biological environment (Dexter 1979; Baier et al. 1968; Baier et al. 1984) , influencing cells and bacteria adhesion (Rodríguez-Hernández et al. 2013; Amoroso et al. 2006; Dexter 1979) . Following the results presented in Fig. 3 , it is obvious that the contact angle values measured for the silver-treated surfaces versus the control titanium surface do not present a significant difference. Hence, within the scope of this study, changes in bacteria adhesion to silver-treated surfaces compared to control surfaces can not be attributed to changes in surface wettability.
The results presented in Fig. 7 evidence that the surface with the highest amount of deposited silver (C1_500) presented the lowest surface density of bacteria, especially S.sanguinis (table 4) , while surfaces of the control group (NC1_500, NC2_200 and Ti) had the highest amount of attached bacteria. These results confirm the effectiveness of silver anodizing against in vitro bacteria adhesion to treated titanium surfaces. As a precursor of biofilm formation, any reduction in the S. sanguinis adherence to dental implant surfaces will reduce or delay dental plaque formation and the possibility of peri-implantitis (Grössner-Schreiber et al. 2001; Kolenbrander et al. 1990) . A decrease on the L. salivarius attachment would also hinder the development of the oral biofilm, because of its role in dental plaque maintenance (Pham et al. 2009 ).
[ Fig. 7] A post-hoc statistical test was performed in order to evaluate possible relationships between surface properties and bacteria adherence onto surfaces. Bacteria adhesion for S. sanguinis and L. salivarius strains is plotted versus roughness and contact angle in Fig. 7 . The Spearman correlation of bacteria adhesion with roughness ( Fig. 7a and 7b ) is 0.00 for S. sanguinis (P = 1) and -0.036 for L. salivarius (P = 0.939). In the case of contact angle, Spearman correlation is -0.107 for S. sanguinis (P = 0.819) and -0.143 for L. salivarius (P = 0.760). These P values indicate a lack of statistically significant correlation between the reduction in CFU/mm 2 and variations in both parameters. However, when was plotted the adhesion bacteria from S. sanguinis and L. salivarius in control samples (NC1_500, NC2_200 and Ti) versus contact angle ( Fig. 7c and 7d) , a correlation between wettability and amount of adhered bacteria was observed. A lower number of attached bacteria for lower contact angle surfaces was determined, specially for S. sanguinis, in accordance to Amoroso et al results (Amoroso et al. 2006) . Bacterial studies also showed the effect of the surface modification on the early (up to 6 hours) planktonic bacteria growth curves. Particularly, S. sanguinis growth curve had a delay at the first part of the curve with the immersed sample C1_500. However, L. salivarius has not such a change. These results suggest that silver may not be released into the medium at the minimum inhibitory rate necessary for reducing the growth of planktonic bacteria. It also indicates that the antibacterial effects are constrained to bacteria in contact with the treated surface, as shown by the decrease of adhered bacteria on silver-anodized titanium samples.
These positive results lead to consider the study of complementary processes for increasing the amount of silver on the treated surfaces, as well as the in vivo effectiveness of silver anodization against bacteria biofilms in future works.
CONCLUSIONS
A novel electrochemical anodizing process for depositing silver on titanium surfaces has been developed.
Silver was deposited in metallic and oxidized state on the titanium surface. The roughness of the treated surfaces increased, but the wettability was maintained when compared to untreated titanium.
Titanium surfaces treated with this process presented a significant decrease on in vitro bacterial adhesion for the bacterial strains S. sanguinis and L. salivarius, diminishing the risk of biofilm formation. The bacterial adhesion reduction was statistically correlated to the concentration of silver on the treated surfaces. Moreover, all treated samples showed good in vitro biocompatibility.
A titanium surface treated with this anodization process is expected not only to have a good biocompatibility but also antibacterial properties, with a potential application in dental implants. 
C1_200
37.2 ± 3.1 1.4 ± 1 50.3 ± 0.3 0.6 ± 0.2 9.4 ± 5.1 1.1 ± 0.4 C1_500 46.0 ± 9.7 1.0 ± 0.4 42.9 ± 5.3 1.5 ± 0.6 5.8 ± 4.2 2.8 ± 0.9 C2_200 36.3 ± 3.5 1.2 ± 0.4 51.5 ± 1.7 0.5 ± 0.1 9.7 ± 5.5 1.0 ± 0.1 C2_500 48.7 ± 4.4 2.8 ± 0.3 41.9 ± 4.8 0.5 ± 0.1 5.8 ± 0.7 0.5 ± 0.1 NC1_500 61.2 ± 0.6 1.1 ± 0. Fig. 1 . Rectangular pulse shape used in the anodizing process. 
